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Abstract 
Several engineering applications in the aerospace, marine, military and automotive 
industries have introduced modern synthetic composites as a substitute to metals due to 
their high specific strength and stiffness. Furthermore, their high corrosion resistance 
and lightweight make the aerospace industry the largest beneficiary of these materials. 
While the advantages of using composite materials are well known designers have to 
face their limitations. Being relatively new materials further studies are still required to 
better understand their actual limits, related to the high materials cost and the 
manufacturing process complexity when compared to metals. 
The aim of this project was to analyse some of the machinability challenges set by 
Carbon Fibre Reinforced Polymer (CFRP) and provide a better understanding of the 
relationship between a number of process parameters and relative cutting forces 
generated during the machining process. A Finite Element Model (FEM) was created to 
predict cutting forces during orthogonal cutting of Unidirectional Carbon Fibre 
Reinforce Polymer (UD-CFRP) composite material. The material analysed was a MTM 
44-1 low density toughened epoxy matrix system particularly suited for the production 
of both primary and secondary aircraft structures. The work-piece was considered as an 
Equivalent Orthotropic Homogeneous Material (EOHM) alongside with a failure 
mechanism model using the Chang-Chang criteria. Experimental tests were performed 
on a lathe machine tool in order to compare and validate simulation results. 
Polycrystalline diamond (PCD) inserts were used to carry out the tests. Work-pieces 
with a ring shape were used for experimental tests to obtain suitable data. The 
specimens were carefully designed and built at the Advance Manufacturing Research 
Centre (AMRC) based in Sheffield. Six different fibre orientations, two cutting speeds 
and four feed rates have been used to generate a full set of experimental data. 
The cutting force results highlighted a dependency between cutting parameters and fibre 
orientations of the CFRP specimens. The results have shown that fibre orientation is a 
key factor that governs failure mechanisms, chip formations, surface integrity and 
cutting forces.  
 
Abstract 
 
The University of Sheffield   Page iii  
Commercial in Confidence 
 
Both the experimental tests and the FEM analysis have confirmed the influence that the 
feed rate has on the cutting forces. Conversely, negligible effects were observed when 
increasing the cutting speed at the tested cutting conditions.  
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Nomenclature 
UD-CFRP Uni-Directional Carbon Fibre reinforced Polymer 
 Equivalent Orthotropic Homogeneous Material 
FEM Finite Element Method 
FRP Fibre Reinforced Polymer 
CFRP Carbon Fibre reinforced Polymer 
ALE Arbitrary Lagrangian Eulerian 
PCD Poly-Crystalline Diamond 
CTE Coefficient of Thermal Expansion 
DOC Depth of Cut (mm) 
CZM Cohesive Zone Model 
UMAT User Define Material Model 
DEM Discrete Element Method 
GFRP Glass Fibre Reinforced Polymer 
OoA Out of Autoclave 
 Fibre orientation angle (deg) 
 Rake angle (deg) 
γ  Relief angle (deg) 
r Edge Radius (mm) 
f Feed rate (mm/rev) 
Vc Cutting speed (m/min) 
Nomenclature 
 
The University of Sheffield   Page viii  
Commercial in Confidence 
Fc Principal cutting force (N) 
Ft Thrust force / Feed force (N) 
11 
T
 Longitudinal tensile strength 

C Longitudinal compressive strength 

 Transverse tensile strength 

C Transverse compressive strength 
12 In-plane shear strength 
ei
t,c
 Failure criterion ratio 
XT Maximal tensile strengths along fibre direction 
XC Maximal compressive strengths along fibre direction 
YT Maximal tensile strengths along matrix direction 
YC Maximal compressive strengths along matrix direction 
Sab Allowable shear strengths in the principal material directions 
ADC Automated Dynamics system composite center 
SRATE Strain rate effects 
FAIL Failure criteria 
EOS Equation of state required for 3D solid and 2D continuum elements 
THERM Thermal effects 
ANISO Anisotropic orthotropic 
DAM Damage effects 
TENS Tension handled differently that compression in some manner 
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D Material stiffness parameters 
ij, γij Strain along axis i and j 
Ei Young modulus along axis i 
Gij shear modulus in direction j 
vij Poisson’s ration 
DFAILT Maximum strain for fibre tension 
DFAILC Maximum strain  for fibre compression 
DFAILM Maximum strain for matrix 
DFAILS Maximum shear strain 
TFAIL Time step limit 
EFS Effective strain 
FBRT Crush front strength reducing parameter 
YCFAC Softening compressive fibre factor after matrix failure 
SOFT Young modulus reduction parameter 
MID Material identification number 
RO Mass 
AOPT Material axes optional parameter 
A1, A2, A3 Vector component for material axes for AOPT=2 
D1 D2 D3 Vector component for material axes for AOPT=2 
CRIT Failure criterion used (MAT54, MAT55) 
CFC Channel Frequency Class 
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SEM Scanning Electron Microscope 
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 OVERVIEW AND PROJECT AIM CHAPTER 1
 
1.1 Introduction 
The use of Carbon Fibre Reinforced Polymer (CFRP) composite has grown 
considerably over the recent years. Although their creation ascends to a half century 
ago, their use was initially limited to few niche aerospace and defence applications due 
to their high manufacturing costs. This can be attributed to their high production costs 
as well as to the fact that carbon fibres are a very expensive raw material.  
The development of new and innovative production technologies has reduced carbon 
fibre cost promoting their use across different industries. During the last decades CFRP 
have earned huge importance for applications in many industrial sectors such as 
automotive, sporting, wind energy, nuclear, construction, naval, biomedical and 
offshore oil and gas applications.  
One of the emerging opportunities and challenges in carbon fibres manufacturing is to 
move CFRPs from low to high volume production within the next decades. This is due 
to an increase in industry demand driven by the need of finding lightweight materials 
that can comply with more stringent legislation requirements for greenhouse gas 
emission reduction. 
CFRPs are well suited for several engineering applications thanks to their superior 
corrosion resistance, lightweight and specific strength and stiffness. Despite the fact that 
composite parts are fabricated near-net shape, machining operations such as trimming 
and drilling are still required in order to achieve close fit tolerances and component 
design requirements. 
The CFRP machining aspects differ significantly from those of traditional and well 
known metal materials. Although the theory of cutting has been mainly developed for 
homogeneous materials, the cutting mechanisms for Fibre Reinforced Polymer (FRP) 
are largely unexplored. Their anisotropy and non-homogeneity nature makes them 
“difficult-to-machine” materials.  
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The CFRP cutting process is highly dependent on the properties of the CFRP main 
constituents, the matrix and the fibres, which significantly affect the machining process. 
From a structural point of view, the matrix phase is the constituent that provides load 
transfer and structural integrity, while the reinforcing phase enhances the mechanical 
properties of the material. 
Extensive experimental campaigns have been performed to understand the cutting 
mechanisms of CFRP materials. One of the main problems that limit their machinability 
is related to the fact that CFRPs are extremely abrasive. Therefore the selection of 
suitable cutting tools is essential to limit tool wear, machining costs and to improve 
structural quality of final components. As a matter of fact, if unsuitable cutting tools or 
cutting conditions are used damage phenomena such as fibre pull out, delamination and 
debonding rapidly occur. For all these reasons the machining of composite structures 
creates discontinuities in the fibres which can negatively affect part integrity and 
performances. 
Therefore, with the increasing use of CFRP materials in the industry, the need to 
develop optimised and economical machining processes has arisen. 
Due to the complexity of these materials, which are constitute by two or more distinct 
elements having their own separate structural properties, the design of new cutting tools 
are mostly based on knowledge gained through experience and often require extensive 
and expensive trial and error testing, performed with the intention to reproduce the same 
cutting conditions the tool experiences during its real application. Being real 
applications focussed in practice over the oblique cutting of multidirectional CFRP 
structure, it is not possible to capture the correlation between the machinability aspects 
and the input process parameters without having a deep understanding of the process. 
Thus, although multidirectional composites have more practical interest than 
unidirectional ones, the latest lend themselves nicely for research investigation, because 
it is easier to relate their mechanical properties and machining characteristic to fibre 
orientation. 
Many studies on the machinability of CFRP composites are discussed in literature. 
Some of them focus on real manufacturing applications (as drilling, milling, trimming, 
 OVERVIEW AND PROJECT AIM CHAPTER 1
- Structure of the thesis - 
 
 
The University of Sheffield   Page 16 of 137 
Commercial in Confidence 
turning, etc.) with the intention of investigating the quality of the cut surface and tool 
performances for different process conditions. Others are aimed to investigate the 
failure mechanisms that lead to chip formation. The former group is devoted to the 
study of a real cutting process under representative cutting conditions, where a 3-
dimensional cut takes place on a multi-directional composite lamina. Whilst on the 
other hand, the latter group tends to use a simplified approach, where by a low speed 2-
dimensional cut is performed on a uni-directional lamina.  
The main aim of this study was to design a dynamic cutting operation, performed at 
representative cutting conditions, which enables the use of a simplified analysis 
approach. In these conditions, the machinability of a Unidirectional Carbon Fibre 
Reinforced Polymer (UD-CFRP) composite material was investigated. Turning cutting 
trials were performed under an orthogonal cutting condition. Representative cutting 
speeds and feeds were used by turning operations with a lathe. As a result, a better 
understanding of how the process parameters affect the cutting forces was found. This 
simplified approach enabled the performing of a 2D plane stress study which reduced 
complications in the chip formation analysis.  
The work discussed in this thesis is a Boeing research project carried over at the AMRC 
of the University of Sheffield. Part of the activity was developed at the AMRC of the 
Swinburne University in Melbourne. The purpose of the study was to increase the 
expertise on machining of composite materials within the AMRC in Sheffield by 
combining the expertise of two groups operating within the company: the AMRC 
Composite Centre knowledge together with the knowledge on cutting processes 
developed by the Process Technology Group.  
A preliminary numerical model was developed at the Swinburne University of 
Technology of Melbourne using LS-Dyna for comparison with the experimental data to 
provide an insight of the effects of the cutting parameters on the cutting forces. 
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1.2 Structure of the thesis 
In Chapter 2 a literature review on the machining of CFRP material is presented. An 
overview of the cutting process is given to provide the fundamental knowledge to 
understand the difficulties that arise when cutting CFRP materials; which differ 
significantly in many aspects from the machining of the well-known metal materials. 
The FEM techniques developed during the last decades are also described and 
discussed. 
Chapter 3 focusses on the experimental tests describing machine tool set-up, designed 
procedures, used equipment and experimental results. In Chapter 4 the data acquired 
from the cutting trials are compared with the results obtained from the developed FE 
model. Dynamic tensile tests and model calibration are included. 
Conclusions are covered in Chapter 5 while suggestions for future work are offered in 
Chapter 6. 
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 LITERATURE REVIEW CHAPTER 2
 
2.1 Introduction 
In several engineering applications in the aerospace, marine, military, and automotive 
industries modern synthetic composites have been introduced as substitutes for metals 
due to their high specific strength (strength to weight) and stiffness (stiffness to weight) 
[1], [2]. 
Each of these sectors requires different qualities that composite materials must satisfy. 
Thanks to their high corrosion resistance, lightweight and their specific strength and 
stiffness, composite materials are not only used in the aerospace industry, but also in the 
sport sector which accounts as the second largest beneficiary of polymer composites. 
Application span from the production of large products such as boats and cars, to 
smaller items such as bicycles, tennis rackets, skis and fishing poles, just to mention 
few, amongst a growing range of products [3]. 
Composites consist of two or more distinctly different materials present in reasonable 
proportions, that when combined together have superior characteristics than each single 
constituent when taken alone. In nature there are many natural composites, such as 
wood, which consists of a cellulose fibre and lignin matrix, and bones, made up of 
collagen embedded in a mineral matrix. The use of composites, from a manufacturing 
point of view, can result in a significant reduction in the number of parts, tooling and 
assembly required for a specific component [4]. 
While the advantages of using composite materials are well known (structural 
properties, thermal insulation, conductivities, acoustic insulation, corrosion and fatigue 
resistance) designers have to face their limitations. Being relatively new materials, 
introduced into industry in the early 1900s, further studies are still required to better 
understand their actual limits, related to the high materials cost and the manufacturing 
process complexity (lack of simple analysis tools, reliable material properties data 
bases, easy to implement design rules) when compared to metals [3]. 
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In the manufacturing industry, the composites are classified by the type of matrix 
material used, which can be metallic, ceramic or polymeric. The matrix material has a 
profound effect on the properties of the finished composite. The bulk role is to transfer 
the external loads applied to the reinforcement to support the structure during 
compression loading and to protect it from adverse environmental conditions. The 
reinforcement material can again be metallic, ceramic or organic. The combination 
between the bulk (matrix) and the reinforcement (fibres) generate a new material having 
properties that differ from the individual constituents [4]. 
These mechanical properties differ from metals because by modifying the structure and 
volume fraction of the reinforcing phase (fibres orientation) it is possible to obtain a 
material with isotropic, quasi-isotropic or anisotropic properties. Composites behave as 
quasi-isotropic materials when the mechanical properties of a component are 
independent from the force direction acting on the part. This condition is achieved when 
the reinforcement is formed of equiaxed fibres uniformly distributed. Materials with 
unequal dimensional reinforcement behave as quasi-isotropic, while composite with 
long fibre perfectly aligned behaves as anisotropic. Mechanical properties are also 
greatly dependent upon the manufacturing process used. Using fibres with a negative 
coefficient of thermal expansion (CTE) along the reinforcement axis gives designers the 
option to create components that can be designed with zero-dimensional change over a 
wide range of temperature [3]. 
FRP are a specific class of composite materials constituted by a polymeric matrix 
matched with a reinforcement of carbon, glass or aramid. FRPs possess high specific 
strength and stiffness with good corrosion and fatigue resistance under loading [5]. 
Despite the fact that composite parts are fabricated near-net shape, machining 
operations such as milling, trimming, drilling and grinding are still required in order to 
achieve close fit tolerances and component design requirements [6]. The CFRP 
machining aspects differ significantly from those of traditional and well known metal 
materials. Although the theory of cutting has been mainly developed for homogeneous 
materials, the cutting mechanisms of FRP are largely unexplored [7], [8]. 
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Their anisotropy and non-homogeneity nature makes them “difficult-to-machine” 
materials. The cutting forces are not easy to predict [9] and the cut surfaces integrity, in 
terms of residual stresses, roughness and subsurface damage, is hard to control [10]. 
Moreover, cutting operations create discontinuities in the fibres which can result in a 
reduction of the part performances [8], [11], [12].  
The increasing use of CFRP parts lead to the development of efficient cutting 
techniques that allowed a reduction of manufacturing costs, whilst preserving the 
structural integrity of the components after machining [2].   
Due to the large number of factors that play a significant role when machining it is 
almost impossible to deal with such a complex scenario. The use of an experimental 
approach to investigate their connection with the process behavior is expensive and time 
consuming. Therefore mathematical simulations are considered a valid alternative when 
study chip-formation processes. Additionally, the advent of computers during the last 
decades enabled the use of sophisticate numerical techniques to model engineering 
phenomena such as elasticity, plasticity, fracture mechanics, heat transfer, lubrication, 
contact problems and metallurgy [13], [14]. 
Finite element methods are widely used for analysis of structural engineering problems. 
The main aim of a FEM is to predict displacements, strain and stresses in the work-
piece along with temperature and loads acting on the tool under defined cutting 
conditions [13], [14]. 
 
2.2 Machining of composite materials 
Although composite components are designed and manufactured near net shape, some 
machining operations are still required to remove excess material for fixturing purposes 
(to create holes, slots and other features that are not possible to obtain during the 
manufacturing phase) and for finishing tight-tolerance features. The most common 
machining operations when cutting composite components are drilling and milling, but 
even trimming, routing, countersinking, sawing, turning, abrasive cutting and grinding 
can be performed [3], [5], [6]. 
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According to Mazumdar [5] the labour costs of the machining operation in the 
aerospace industry is one of the major factors, reaching 50% of the total manufacturing 
cost of current airframes. A fighter plane has between 250,000 and 400,000 holes while 
a bomber or transporter have between 1,000,000 and 2,000,000 holes. 
Mainly due to their mechanical properties, machining of composite material is widely 
different from metal cutting even though the technology used (machine tools, tools and 
inserts) is the same [3], [5], [6]. 
FRPs machining differs from metal machining in several aspects, largely because they 
are inhomogeneous materials constituted of different phases. In the majority of 
homogenous and ductile metals, the cutting process is characterised by plastic 
deformation of the bulk material where a continuous chip is formed by the shearing 
action. Under fixed cutting conditions a steady state cutting process is reached and the 
cutting forces, temperature, induced surface damage and surface quality, can be 
predicted within a satisfactory level of accuracy. On the other side FRPs machining is 
characterized by fractures which oscillate with the intermittent rupture of the fibres, 
driven by phenomena which are not yet well understood [3], [15]. 
FRPs machinability is mainly determined by the physical and mechanical properties of 
the constituents, by the fibre orientation and the tool geometry. The surface quality of 
the machined edge is highly affected by the type of fibre reinforcement and its 
orientation. For example, glass and carbon fibres exhibit brittle behaviour while aramid 
fibres bend ahead of the advancing cutting edge. Also, because the strength of the 
matrix material is typically lower than the fibres, the generated cutting forces are 
primarily dependent on the type of fibre used, and also to its dimensions and volume 
fraction [4], [5]. 
The temperatures reached during the cutting process depend specifically on the FRPs 
thermal properties and on the fibre orientation. Carbon fibres have a higher thermal 
conductivity when compared to glass and aramid fibres, they are more capable of 
transferring heat along the fibres length, dissipating it away from the cutting zone. High 
localised long-lasting temperatures have to be avoided to preserve the polymeric matrix 
integrity. Localised heating can lead to burning in the machined surface of 
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thermosetting polymers and gumming of thermoplastic polymers. Moreover, different 
thermal expansion coefficients between the matrix and the fibres can lead, during the 
cutting process, to thermal stress which may deform and damage the composite 
structure. This can lead to nonconformity of tolerance features and structural quality 
issues [3]. 
The integrity of the machined surface is a fundamental factor in determining the 
machinability of FRPs. Their structural quality can be significantly affected during the 
cutting process where defects such as delamination, cracking, fibre pull-out, and 
burning can occur [8]. The most common problem is the delamination caused by the 
low strength of the structure along the laminates and the potentially high transverse 
forces created by the cutting process [16]. These forces can be reduced by matching the 
use of proper cutting tool geometry with the correct cutting parameters which allow the 
fibres to be sheared neatly. This can be achieved using extremely sharp inserts, with 
particular attention on the selection of the cutting material and relative coating. Ideally 
the tool used should present an extremely small corner radius and a positive cutting 
angle, while the tool material needs to be able to withstand the abrasiveness of the fibre. 
For these reasons PCD tools are generally preferred, however their use is limited due to 
their high cost [1], [13]. The finished surface and the cutting forces are strongly 
influenced by the fibres volume fraction, dimension and orientation. The machined 
surface quality is determined by the condition of the machined surface itself together 
with the extent of material damage caused by the cutting process. Standard to assess the 
surface integrity and quality of composite materials have not been developed yet. 
Another important consideration to take into account when cutting CRFP materials is 
the formation of dust and decomposition gaseous compounds which occur as results of 
the cutting process. These substances, if not properly removed through extraction 
systems, represents a threat for the health and safety of the workers and for the life of 
the machine itself [3]. 
One of the first machinability studies was conducted by Koplev et al [17] in 1983. 
According to their study, machining of CFRP materials can lead to a surface damage of 
up to 0.3 mm when fibres are oriented perpendicular to the tool direction. Conversely, 
when the fibres are parallel to the tool direction a better surface quality is achieved and 
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the cracks are significantly reduced. They found that the cutting force is determined by 
the Depth of Cut (DOC) and by the tool rake angle, while the relief angle and the tool 
wear determine the feed force.  
In 1995 Wang et al [18] analysed the effect that rake and relief angle have on the 
machining forces and on the chip formation analysing trimming UD graphite/epoxy 
composite materials at different fibre orientations using PCD tools. They also 
considered the effects that the orientation of the fibre has on the cut surface. They 
asserted that the primary factor affecting the material removal mechanisms is the 
orientation of the reinforcement, as most of the following research on machining of FRP 
will confirm. 
In 1997 Ramulu [12] observed a combination of cutting, shearing and fracture along the 
fibre/matrix interface during edge trimming of UD and MD-FRP composite material 
using PCD tools. The effects of different tool geometries, process conditions and ply 
distribution on cutting forces, chip formation mechanisms and on machined surface 
quality were analysed. Ramulu confirmed the strong dependency of the material 
removal mechanisms on the fibre orientation. Due to the inhomogeneity of composite 
materials it is critical to determinate the surface quality after machining. Ramulu stated 
that: “it is often desirable to supplement quantitative description provided by 
profilometry with a visual analysis of the surface morphology” concluding that, 
although limited influence is played on the material strength, the machining induced 
damage might affect the fatigue strength. 
Due to the complexity of the FRP material removal process, understanding the chip 
formation mechanisms is fundamental. Having mechanical properties which vary 
considerably between the different constituents it is hard to control the quality of the 
machined surface and relative subsurface damage. 
Wang [19] examined the effects that DOC, fibre orientations and rake angle have on 
cutting forces and surface roughness after orthogonal cutting of UD-CFRP. They 
confirmed that the orientation of the fibre is a key factor in determining cutting forces, 
subsurface damage and chip formation mechanisms. A study on fibre bouncing back 
phenomena was included to prove that the real and the nominal DOC have significant 
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differences when cutting FRP materials. The cutting tool radius and the fibre orientation 
were found to be the main cause of fibre bouncing back due to ineffective cutting. As 
expected the mechanical properties showed dependency with the curing process, which 
does not play any effect on the machined surface roughness. 
The complexity of the subject requires developments of models capable to predict the 
correlation between the machinability output parameters (cutting forces, surface quality 
and part integrity) and the input process parameters (cutting parameters, cutting 
conditions, tool type and geometry). 
Zhang [10] developed a mathematical model able to reflect the principal material 
removal mechanisms through an accurate characterisation of the matrix and 
reinforcement interaction, focussing on fibre and matrix deformation. Three distinct 
cutting zones were considered in the model: chipping region, pressing region and 
bouncing region (Figure 1), as identified by Sheikh-Ahmad [3] on a previous study. 
The total cutting force was calculated by the sum of the forces in the three cutting 
zones. Only test pieces having the orientation of the fibres between 0 and 90 degrees 
were considered in the study. Turning machining trials were performed for comparison 
with a mathematical model. Zhang stated that: “Due to the very different mechanical 
properties of the matrix and the reinforcement materials, the surface integrity of 
machined composites is hard to control, including surface roughness, residual stress and 
subsurface damages” [10]. 
 
 
Figure 1: Deformation zones when cutting FRP [10]. 
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A mathematical model based on response surface methodology based aimed to predict 
cutting power and specific cutting pressure was developed by Mata et al [20] in 2009. 
The machinability study was conducted on three different polyetheretherketone (PEEK) 
composite materials. In their work, the correlation between the process parameters 
(cutting speed and feed rates) and the machining responses (cutting power and specific 
cutting pressure) were highlighted. 12 experimental tests were planned in a full factorial 
design testing using three cutting speeds and two feed rates. PCD tools were used. The 
model accuracy was found to be within 9%. They concluded that, for a given constant 
cutting speed, the cutting power is directly proportional to the feed rates while the 
specific cutting pressure is inversely proportional. 
Experimental studies are expensive, time consuming and valid exclusively for the 
experimental condition used. The lack of knowledge and understanding of the cutting 
mechanisms when machining FRP materials, as well as the limitation in cutting tool 
design, are the main obstacle in increasing the efficiency of the cutting removal process. 
For this reason numerical method aimed to predict the machinability characteristics of 
FRP materials have been developed to be used in the cutting tools design and for 
process optimization purposes. 
In 1995 Arola et al [21] developed one of the first numerical models for composite 
materials. The aim was to verify the validity of the FEM in predicting the cutting forces 
of UD graphite/epoxide. Tsai hill and maximum stresses failure criteria were used. 
From the experiments they observed that trimming fibres oriented at an angle between 0 
and 90 degrees initiates a fracture from the tool nose radius due to compression and 
shear stresses generated during the relative tool advancement. Although their two 
dimensional model did not have the capability to predict consistently the thrust force, 
they predicted the potentiality of the numerical model and their future utilization in the 
cutting tool design for the machining of FRP. 
Nayak et al [22] presented a 2 dimensional micro mechanical Cohesive Zone Model 
(CZM) of the fibre matrix debonding that aimed to predict the sub-surface damage of 
UD-FRP composite materials. The cohesive zone was modelled with zero-thickness 
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elements. The fibre and the matrix were modelled separately as two distinct physical 
constituents with the fibre embedded in the matrix material. 
Zitoune et al [23] worked on the orthogonal cutting of UD carbon/epoxy for four 
different cutting orientations, analysing the cutting forces and the temperature in the 
tool work-piece interface, together with the obtained chip shape, rupture modes and 
finishing surface quality. It was observed that compression was the dominant rupture 
when cutting lamina having the fibres oriented at 0 degrees. The chip was generated by 
laminate shearing for lamina at 45 degrees and bending/shearing for 90 degrees lamina. 
The failure mode could not be captured when cutting 130 degrees because severe cracks 
suddenly propagated inside the work-piece. The best surface quality was obtained for 45 
degrees fibre orientation which is the configuration that presented the lowest cutting 
temperature. 
A user-defined material model (UMAT) subroutine was developed in Abaqus/Standard 
by Knight [24] to describe the failure analysis of different composite materials. 
Different failure initiation criteria models were considered and described. The material 
degradation was applied to a material coefficient and not to the material mechanical 
properties. The progressive failure models implemented in the UMAT were shown in a 
single two-dimensional shell FEM. Once the Hashin failure criteria are detected they 
degrade both the in-plane normal coefficients and the in-plane shear term, leading to a 
conservative failure prediction. 
Venu Gopala et al [25], [26] developed a 2 dimensional micro-macro FEM in Abaqus to 
study the orthogonal cutting of Unidirectional Glass Fibre Reinforced Polymer (UD-
GFRP). Fibres and matrix were modelled separately. Fibres and matrix close to the 
cutting tool were considered respectively as elastic and elasto-plastic material while a 
macro scale approach was used to model the composite away from the cutting tool, 
modelled as Equivalent Orthotropic Homogeneous Material (EOHM). Zero thickness 
Cohesive Zone elements were used to capture interfacial debonding. In this work the 
effects of the fibre orientations, tool parameters and operation conditions over the 
cutting forces, the chip formation mechanisms, the interfacial debonding, matrix 
damage evolution and the subsurface damage were investigated. The cutting force and 
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the thrust force were calculated for different fibre orientations (15˚, 30˚, 45˚, 60˚, 75˚, 
90˚), DOC (0.1, 0.15, 0.2 mm) and rake angle (5˚, 10˚, 15˚). They concluded that with 
the increasing of the fibre orientation and DOC the cutting forces increases significantly 
for both CFRP and GFRP while the rake angle effects are less significant. 
Venu Gopala et al [27] validated a three dimensional macro-mechanical model able to 
predict cutting forces, induce surface damage and chip formation mechanisms when 
cutting UD-CFRP composite material at different fibre orientation varying the DOC and 
the tool rake angle. They observed that the cutting forces are highly dependent on the 
DOC and on the orientation of the fibres, while minor effects are played by the rake 
angle. 
A detailed work was conducted by Mkaddem et al [28] which studied and simulated the 
effects that fibre orientation, DOC and rake angle have to the cutting forces during 
orthogonal cutting of UD-GFRP. The composite was modelled as EOHM using a 
micro-macro combined approach while Tsai Hill failure criteria were considered. An 
adaptive mesh technique and density was applied. In their work they identified the chip 
cutting ration as an important indicator for determining the mode of failure and relative 
damage propagation. The cutting ratio was found to be dependent on the orientation of 
the fibre. The cutting forces showed a proportional dependency on the DOC while they 
were found to be inversely proportional to the tool rake angle. 
To provide a better understanding of the chip formation process and damage initiation 
and propagation, a 2D FE progressive failure analysis was developed by Lasri et al [6], 
investigating the effects of fibre orientation and failure criteria over UD-CFRP material. 
Hashin, Maximum stress and Hoffman failure criteria were considered and compared 
with experimental results from literature. Matrix cracking, fibre-matrix debonding and 
fibre breaking were simulated. They concluded that during the cutting process the 
failure initiates near the edge of the cutting tool while the damage propagates along the 
fibre direction. For this reason the extension of the induced surface damage is highly 
dependent on fibre orientation. The minimum surface damage was observed when 
simulating 30° fibre orientation and increasing beyond 45˚ fibre orientation. Fibre-
matrix debonding was found to be the first failure that occurs when cutting UD 
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composites, followed by the matrix crashing and by fibre breaking. The prediction of 
the principal cutting force agreed well with the experimental test from literature, but the 
thrust force was highly underestimated. This underestimation was attributed to the 
bouncing back phenomenon. 
Adapting mesh technique and dynamic explicit finite element analysis were used to 
simulate the chip formation during the orthogonal cutting of UD-GFRP [29]. The work-
piece was considered as EOHM, avoiding the complications that occur when simulating 
the complex fibre-matrix interface in micro mechanical models. The maximum sub-
surface damage value was predicted when simulating 90 degrees fibre angle work-piece.  
A Discrete Element Method (DEM) simulation was created by Iliescu et al [30] to 
simulate the orthogonal cutting of UD-CFRP at 0, 45, 90 and 45 degrees of fibre 
orientation. The model agreed with experimental cutting tests, reproducing experimental 
aspects as cutting forces and chip formation. A high speed camera was used to validate 
DEM simulation results. 
Calzada [7] compared the failure mechanisms that occur in micro-scale when cutting 
UD-CFRP composites at 0, 45, 90 and 135 fibre angle degrees with the results obtained 
when a macro-scale approach was used. To do this a micro-mechanical finite element 
model was created in Abaqus and failure theories, capable of explaining the failure 
mechanisms that occur throughout the chip formation process, are developed for each 
fibre orientation. The experimental tests, performed for validation purpose, were found 
to accurately represent the process of chip formation. 
Santiuste et al [31] validated an FEM analysis in Abaqus/Explicit capable to capture the 
induced surface damage when cutting GFRP and CFRP. They affirm that, unlike when 
cutting GFRP, the induced surface damage obtained when cutting CFRP is limited to 
tool-work-piece interface, making this material more suitable for aeronautical 
applications than the glass fibres. 
In their study Rentscha et al [32] developed two different modelling approaches to 
simulate the cutting of CFRP materials. The first approach consisted of a macroscopic 
implicit model using continuous anisotropic material properties. The second is a 
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microscopic explicit model having matrix and fibres modelled separately. Hashin failure 
criteria were considered. For both models cutting forces and chip formation mechanisms 
were predicted at 0 and 90 degrees fibre orientation. The cut surface was analyses and 
an induce surface damage of 200 micros was found for specimens with 90 degrees fibre 
orientation while no cracks appeared when cutting 0 degrees fibre orientation 
specimens. While the predicted chip formation mechanisms were consistent with 
experimental tests, the cutting forces were highly underestimated. This was attributed to 
the fact that in the simulation, when the compressive strength of the material is 
exceeded and the material is degraded, the elements are deleted, while in reality the 
yield material is still present between the insert and the work-piece itself and can still 
carry load in compression. 
El-Hofy et al [33] studied the effects that process parameters, tool material and cutting 
environment have on surface integrity and quality after machining. They concluded that 
the cutting environment does not affect the surface roughness, while chilled air helps to 
prevent surface burning. They also found that PCD tools offer a tool life that is 95 times 
higher than coated carbide. The best surface roughness was obtained when cutting at 
low cutting speed and high feed rate. 
Karpat et al [34] designed a mechanistic model to predict the cutting forces when slot 
milling a UD-CFRP with different polycrystalline diamond cutters. Additional pocket 
milling tests demonstrated the correlation between surface quality and cutting speed.  
A macroscopic and a microscopic CFRP model were developed by Rentsch [35] to 
predict the material removal mechanisms under orthogonal cutting conditions. The 
calculated principal cutting forces agreed well with experimental results, while the 
thrust forces were highly underestimated. This was attributed to the fact that, while the 
CFRP material can still carry compressive loads once yield, in the FEM model a 
complete deleting of the elements occur. 
The effect that machining operations have on material performance was investigated by 
Ghidossi [11] and Ramulu [12] for different cutting tools. They both concluded that the 
surface roughness does not represent a reliable factor to determinate the machining 
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quality of fiber composites and that the mechanisms responsible for the mechanical 
performance reduction are not clearly understood yet.  
2.3 Process parameters 
As the present study is focused on the orthogonal cutting of UD-CFRP the process can 
be simplified to a two dimensional problem which allows to perform a 2D plane stress 
study, avoiding complications in the chip formation analysis [15]. 
In orthogonal cutting the tool engages the work-piece perpendicular to the cutting 
direction, as shown in Figure 2 below. The angle θ indicates the orientation of the 
fibres, α is the tool rake angle, γ the tool relief angle and r the edge radius of the tool. 
In this cutting condition the cutting parameters are summarised by feed rates (f) and 
cutting speed (Vc). 
 
 
Figure 2: Orthogonal cutting model - tool geometry, work-piece and boundary 
condition [6]. 
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The key process parameters which affect the cutting forces, the surface quality and the 
chip shape are: the tool geometry, the cutting parameters and the mechanical properties 
of the CFRP work-piece. 
 
 Tool  
 Rake angle - α 
 Relief angle - γ 
 Corner Radius – r 
 Material and surface quality 
 CFRP Material Properties 
 Fibre orientation – θ 
 Young Modulus of both fibres and matrix 
 Fibres volume fraction and fibres diameter 
 Shear Modulus of both fibres and matrix 
 Tensile & Shear strength of both fibres and matrix 
 Cutting Parameters 
 Feed rate - f 
 Cutting Speed – Vc 
 Depth of Cut - DOC 
 
Another important factor that characterises the cutting of CFRPs is the coefficient of 
friction which must account for all the tribological complexity of machining and varies 
with the different process parameters used. Friction on the tool face interacts with the 
shearing process, influencing the shear stress and strain in the shear plane, affecting the 
chip type produced. Several studies were made to investigate the friction coefficient 
between the cutting tool and the work-piece, when cutting CFRP materials.  
Mkaddem et al illustrates the variation of the friction coefficient with fibre orientation 
(Figure 3 (a)), obtained using pin-on-disk tests on epoxy matrix and glass fibres [29]. 
From their study it was clear that the friction coefficient varies with monotony 
behaviour with the fibre orientation (from 0˚ to 90˚). Different friction coefficient 
behaviour is revealed by Jamal for CFRP materials [3] (Figure 3(b)). 
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(a) (b) 
Figure 3: Variation of friction coefficient vs. fibres orientation in an epoxy matrix and 
glass fibre (a) and for CFRP (b) [3], [29]. 
In one of the first studies on the machinability of CFRP Koplev et al [17] highlighted 
the dependency of the cutting forces on the friction coefficient. An average tool/work-
piece fiction coefficient value was found to be 0.25. 
Klinkova et al [36] developed a new rotary open tribometer specifically designed to 
better predict machining conditions of CFRP materials. Different sliding velocities (up 
to 120 m/min) were used during the tests under high contact pressure, while having a 
continuous regeneration of the contact surface. They observed that the friction 
coefficients of CFRP are significantly lower than the one obtained when cutting 
traditional metals. Moreover, a further reduction was observed when increasing the 
sliding velocity (from 0.25 to 0.1). 
Same results were observed by Mondelin et al [37] who extended their research to study 
the effects of cutting fluid. They concluded that the implementation of lubricant 
(emulsion with 9% of mineral oil at 4 bar of pressure) drove to a further reduction of the 
friction coefficient (from 0.1 to 0.06) when cutting CFRP. 
By taking in account these factors in the cutting simulation models more realistic results 
are possible. 
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2.4 Chip Formation 
Although machining of composite materials is significantly different to metal cutting in 
terms of chip formation, cutting forces and heat transfer, the same cutting tool designs 
and techniques are still used for the majority of composite cutting processes. 
When cutting FRPs there are several new failure mechanisms which do not exist when 
cutting metals. The damage consists of various failures modes as fibre breakage, matrix 
cracking, matrix crushing and fibre-matrix debonding or ply delamination.  
In orthogonal cutting, there are five different modes of FRPs chip formation, based on 
the geometry of the insert, the polymer type and the cutting conditions [3], [7], [12], 
[18], [23], [27], [29], [30] and [31]. A continuous elastic chip with a thickness equal to 
the depth of cut is produced for ductile material that exhibit high elastic deformation at 
low cutting speed and positive tool rake angle. A continuous chip from plastic 
deformation is formed even when cutting some thermoplastic polymer. The chip shape 
is similar to the one obtained when cutting ductile metals, where the chip thickness is 
typically greater than the depth of cut. A discontinuous chip shape is formed when 
materials with brittle behaviour are cut with a large rake angle tool and large depth of 
cut. Even if the practical interest is focused on multidirectional fibre cutting, the actual 
lack of FRPs material knowledge leads the research to develop unidirectional composite 
as it is easier to relate their mechanical properties and machining characteristics to fibre 
orientation. 
The variation of fibre orientation with respect to the cutting direction, as shown in 
Figure 4, is the most fundamental factor in the determination of the chip formation 
mode when cutting unidirectional FRP materials. 
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Figure 4: Schematic view of different fibre angle orientations [3]. 
 
In contrast to what is observed when cutting metals, material removal in CRFPs was 
found to be governed by a series of uncontrolled fractures which exhibited very little 
plastic deformation. When cutting at θ=90˚, with positive rake angles tool, the chips is 
formed by fibre cutting, while cutting with negative rake angles the chip is formed by 
macro-fracture [3].
 
Observations by other authors of the chip formation process during machining 
unidirectional FRPs composite have highlighted that fibre orientation and the cutting 
edge are the factors that mostly influence the chip type obtained. The chip modes can be 
categorised in 5 types [3], [12], [18]. 
 
Type I  
Delamination: occurs when cutting 0˚ fibre orientation with inserts with positive rake 
angles. The crack, generated in the contact point between tool and work-piece, 
propagates along the fibre-matrix interface. A bending moment induced failure occurs 
ahead of the cutting edge perpendicularly to the fibre direction. The cutting force 
fluctuates widely with the repeating of Delamination-Bending-Fracture cycle. 
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Figure 5: Chip formation mode for 0˚ fibre orientation cutting with positive rake angle 
[3]. 
 
Type II 
Buckling: this mode is caused by the compression generated along the fibres directions 
from a negative rake angle insert when cutting 0˚ fibre orientation. The continuous 
advancement of the tool causes fracture at the fibre-matrix interface and successive 
buckling causes the fibre fracture in a direction perpendicular to the fibre length, not far 
from the cutting edge, generating a small discontinuous chip. The fracture cycle is much 
shorter than the one generated during delamination (type I) thus the cutting force 
fluctuation is smaller. 
 
 
Figure 6: Chip formation mode for 0˚ fibre orientation cutting with negative rake angle 
[3]. 
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Type III 
Fibre Cutting: this mechanism occurs when machining material having fibre orientation 
angle between 0˚ and 90˚ with positive or negative rake angle tooling. 
The chip formation process consists of a fracture caused by the compression along the 
fibre axis that shears the fibres. An interlaminate shear fracture occurs along the fibre-
matrix interface during the cutting tool advancement. 
The compression generates cracks in the fibres above and below the cutting plane. The 
cracks below the cutting plane remain in the surface after machining is completed and 
can be observed under the microscope. 
The chip flows in a direction parallel to the cutting fibre when cutting at positive fibre 
angle, up to 90˚. The continuous chip generated in this condition is similar to the one 
that occurs when cutting metal, where the material is deformed by plastic shear as it 
passes across the shear plane, but with the absence of plastic deformation when cutting 
FRPs. 
 
 
Figure 7: Chip formation mode for 45˚ fibre orientation [3]. 
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Type IV: 
Deformation: differs from the previous type (III) because at θ=90˚ a discontinuous chip 
is presented. 
 
 
Figure 8: Chip formation mode for 90˚ fibre orientation [3]. 
Type V: 
Shearing: occurs when cutting composite fibre with larger fibre orientation angles 
(105˚<θ<150˚). The compression forces caused by the tool advancing leads to 
deformation of the fibres leading to delamination, interlaminar shear along the fibre-
matrix interface and out of plane displacement. 
When the fibres face the advancing tool, elastic bending is observed. The compressive 
stress localised in the cutting edge generates the crack in the fibre-matrix giving rise to a 
discontinuous long chip, where the thickness of the chip is generally greater than the 
DOC (r < 1). When the chip is formed elastic recovery takes place and “bouncing back” 
of the material causes brushing between the relief tool surface and the cut surface. 
 
 
Figure 9: Chip formation mode for 135˚ fibre orientation [3]. 
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2.5 Tool Geometry 
Although the chip type is mainly related to fibre orientation, the tool geometry plays an 
important role in determining failure modes and surface integrity of a machine 
component [19], [21]. It has been observed by Sheikh-Ahmad [3] that, for fibre 
orientations between 0˚ and 75˚, the insert rake angle does not have a distinct effect on 
the chip formation mode, while it plays an important role in deciding whether a 
continuous or discontinuous chip is formed. A large positive rake angle favours creation 
of continuous chips, while smaller positive rake angles are more likely to cause 
discontinuous chips. It can be shown that surface topography and the machining quality 
improve with positive rake tool geometries, which reduces matrix smearing over the 
machined surface [38]. 
While the tool clearance angle does not affect the chip formation type produced to the 
same extent, machined surface quality enhancements are highlighted for large clearance 
angle. In their study Wang et al [39] found that the increase in clearance angle above 
17° results in a reduction of the thrust force as well as in a reduction of tool 
performance. 
Nose radius: The previous chip formation modes taken are obtained when cutting with 
relative sharp edge. For cutting operations with large cutting tool nose radii other 
mechanisms became prevalent, such as chipping, pressing and bouncing [19]. The 
material in the chipping area forms the cut chip which flows over the rake face in a 
direction parallel to the fibres plane [3], [28]. On the other hand the material in the 
pressing region is compressed by the tool nose radius under the cutting edge and then, 
because of the elastic recovery, bounces back once the tool is passed over (Figure 10). 
Wang et al [19] found a direct correlation between the tool nose radius and the bouncing 
back, concluding that the bouncing back is a key factor that contributes to the 
generation of the cutting forces. 
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Figure 10: Influence of tool geometry on chip formation [3]. 
 
2.6 Modelling Techniques 
Because experimental studies are frequently expensive and time consuming it is 
important to develop numerical methods that can predict the various output and 
characteristics of the cutting process. A FEM analysis provides approximate solutions to 
complex problems that are difficult to solve analytically. Such results can then be used 
in process and tool design with the aim of increasing the efficiency of the machining 
operation by improving working speeds, feed rates, tool life and reliability [13], [14]. 
During the last decades finite element methods have been widely used to analysis linear, 
nonlinear, static and dynamic analysis in structural engineering problems. 
Three stages are common when developing a FEM, called: pre-processing, processing 
and post-processing. During the pre-processing boundary conditions, loads, material 
properties, connectivity and nodal coordinates are defined. In the processing phase the 
constitutive equations are solved while the post-processing deals with the presentation 
of the results. When studying machining processes the main aim of a FEM is to predict 
displacements, strain and stresses in the work-piece along with temperature and loads 
acting on the tool under defined cutting conditions [13], [14]. To be able to describe 
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these phenomena it requires that the properties of the material are accurately described 
[1]. 
On the basis of the interaction between mesh nodes and the material, mainly three 
different FEM formulations are used: Eulerian, Lagrangian and Arbitrary Lagrangian 
Eulerian (ALE) methods. In the Eulerian formulation the mesh is spatially fixed while 
the material is free to flow within the mesh control volume. The advantage of the 
Eulerian approach is that, due to the fact that the mesh is fixed, no excessive element 
distortion occurs. This approach is widely used in fluid dynamics but is not suitable to 
characterise the elevated material strain that occurs during chip-formation processes. In 
the Lagrangian algorithms, on the other hand, each individual node follows the 
associated material particle, being allowed to deform similarly to the actual mesh. This 
formulation is therefore used to analyse structural mechanic phenomena. Its limitations 
are related to excessive element distortion and the need of frequent remeshing that 
makes the model computationally expensive. The third method is a hybrid approach 
called Arbitrary Lagrangian Eulerian (ALE) that combines the advantages of both 
formulations. In this method the mesh is enabled to flow freely, being neither spatially 
fixed nor attached to the material [1], [40]. The three formulations are graphically 
shown in Figure 11.  
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Figure 11: One dimensional example of Lagrangian, Eulerian and ALE mesh and 
particle motion [40] 
 
The capability of the ALE formulation to accommodate distortion makes it the most 
suitable approach to simulate machining processes where high deformation is involved. 
In a chip formation process the stress-strain response is calculated by constitutive 
equations which describe the dependency on work hardening, strain rate and thermal 
softening. Besides choosing a suitable constitutive equation the Lagrangian and the ALE 
formulations require to include a chip separation criterion to trigger the separation of 
chip from the work-piece. This can be achieved only through the use of an appropriate 
damage model that accurately describes the fracture mechanism of the examined 
material [1]. 
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The authentication of the FEM when cutting CFRPs consists of understanding the 
nature of the issues related to those materials and finding an appropriate way to resolve 
them. 
Several commercial codes (Abaqus, LS Dyna, Ansys, MSC, Marc, Deform, Thirdwave 
AdvantEdge, etc.) have been developed to support engineers in the practice of process 
and tool design. 
When simulating CFRP it is necessary to understand the issues related to the 
complexity of these materials, having mechanical properties and failure mechanisms 
that differ from the ones found when traditional well known metal materials are used 
[9]. 
The machining of composite involves a significant number of physical parameters. Even 
though FE simulations offer a good opportunity to solve the technical difficulties and 
reduce the high cost of experiment studies, while providing valuable information to 
understand the cutting phenomena, few numerical studies have been successfully 
developed for CFRPs. 
A further way to categorise simulations is based on the modelling method used to 
characterise the work-piece. Two types of models can be distinguished. Macro-
mechanical models where the composite material is generally modelled as an EOHM 
[27], [29], [32] and micro-mechanical models where the fibres and the matrix are 
modelled separately [7], [10], [22], [25], [26], [28], and [32]. 
Due to the extremely small dimension of the fibres this technique needs a complex 
model of the fibre-matrix interface requiring many approximations and sometimes 
becomes highly complex due to the number of variables required to be considered. 
However, if constructed correctly they offer a better estimation when compared to the 
macro-mechanical models, which are limited to the prediction of global responses, such 
as estimations of cutting forces, being not capable of predicting the local effects at the 
fibre-matrix interface [25], [26]. 
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2.6.1 Re-meshing technique and Failure Criteria 
A simple way to adopt micro-mechanical model is the re-meshing technique where an 
adaptive mesh is controlled in the contact zone between the tool and the work-piece 
updating the node location in the deformed zone as the elements reach a certain 
distortion limit [29]. This distortion is caused by the continuous tool advancement 
which generates a load increase and guarantees better control of the results once the tool 
moves forward. Failure occurs in the element once failure criterion is exceeded.    
The chip is generated as a result of the deformation process and the tool motion while 
failure occurs where the failure criteria used exceeds a set parameter. Different failures 
criteria can be used when simulating FRPs such as: Hashin, Chang/Chang, Maximum 
Stress, Offman, Tsai-Hill, Tsai-Wu, Punk, etc. [16], [29], [41], [42], [43]. 
Being non-interacting failure criteria the Hashin, Chang/Chang and the Maximum stress 
offer the advantages of considering each failure mode separately [6], [24] and [42]. 
Under a given load, the stresses at each integration point in the composite structure are 
calculated in the material coordinate system and then computed into the failure criteria. 
If any failure occurs, the material properties at that point are degraded accordingly to 
the mode of failure used. 
Using Maximum Stress, Chang/Chang and Hashin failure criteria allows the model to 
adopt a selective stiffness reduction at failed nodes and a better prediction of cutting 
forces is possible [6].  
The maximum stress criteria are as follows [24]: 
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When the ration ei
t,c
 reaches and exceeds 1 the failure occurs and the material 
degradation is applied. Each one of the failure mode can fail individually at different 
level of load. In the maximum stress criteria the failure is set accordingly: 
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In the Hashin criteria the failure modes included are as follows: 
1. Tensile fibre failure (σ11 ≥ 0) 
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2. Compressive fibre failure (σ11 < 0) 
(  
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 (12) 
3. Tensile matrix failure (σ22 + σ33 > 0) 
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4. Compressive matrix failure (σ22 + σ33 < 0) 
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5. Interlaminar tensile failure for σ33 > 0 
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 (15) 
6. Interlaminar compression failure for σ33 < 0 
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 (16) 
σij indicate the stress components while T and C denote the tensile and compressive 
allowable strengths for lamina respectively. XT, YT, ZT represent the maximal tensile 
strengths along the three material directions as XC, YC, ZC represent the maximal 
compressive strengths in the three respective material directions. S12, S13 and S23 denote 
allowable shear strengths in the respective principal material directions [24], [42]. 
Similar to maximum stress criteria when any of these failures exceed 1 the failure 
occurs at that material point and the degradation model is applied. Each one of the 
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failure mode can fail individually at different level of load. In the failure criteria the 
failure is set accordingly:  
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In the Chang/Chang the failure modes are: 
For tensile fibre mode, 
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For compressive fibre mode, 
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For tensile matrix mode, 
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For compressive matrix mode, 
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In Maximum Stress, Chang/Chang and Hashin failure criteria simulations the elastic 
properties are described by three field variables FV1, FV2 and FV3, which indicate the 
failure of the matrix, the failure of the fibre and the fibre-matrix interface. 
The Hoffman criterion instead is constituted by a unique failure mode and it is not able 
to detect the failure orientation, so the non-selective stiffness reduction scheme must be 
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applied. In this case, once the failure criterion is satisfied, all of the stiffness terms are 
degraded. 
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Initially in the undamaged state the variable values are set equal to zero. After a failure 
index has exceeded 1.0 the associated user-defined field variables is set to 1.0 and 
remains at this value until the end of the process where a completed chip is formed. 
The mechanical properties of the damaged area are changed once a failure is generated 
according to the degradation model applied. These failure modes can be applied both for 
macro-mechanical and micro-mechanical models. 
2.6.2 Discrete Elements Method 
A different micro-mechanical model, based on a Lagrangian description, is the DEM 
where the displacements that occur in each particle are calculated by the interaction of 
the fundamentals laws of dynamics. 
The DEM is particularly well suited to help the understanding of the basic physical 
phenomena. Its ability to simulate the cutting of CFRP was investigated by Ilescu et al 
[30], where cutting forces, contact pressure and frictional shear at the tool-fibre 
interface were calculated and validated with experimental tests. Ilescu demonstrated that 
the DEM model gave a good representation of the experimental tests, describing reliably 
the physical composite cutting mechanisms in all the fibre orientations analysed. The 
evolution of the predicted cutting forces was also in general agreement with the 
experimental work although the model frequently over or underestimated the actual 
value. 
When cutting 90˚ fibre orientation angle work-pieces with an insert which has a rake 
angle, α=0 the material initially bends ahead of the tool opening through the work-piece 
along the fibre/matrix interface. The damage is represented by the fibres detachment 
and the multi-cracking of the composite surface. 
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Once the material has been cut the fibres return elastically to their initial position 
rubbing against the tool clearance face, causing tool wear. The pressure located below 
the nose radius area leads to in-depth crack generation in the work-piece surface. In 
Figure 12 the contact distribution and connection forces are shown. Indicated in red are 
the compression forces, in green are indicated the tensile forces while in blue the matrix 
between two fibres is represented. The simulation shows high compressive forces 
generated from the tool advancement, leading to bending and ultimately fibre 
delamination. 
 
 
Figure 12: Chip formation in orthogonal cutting of UD-CFRP at θ=90˚. 
(a) Virtual chip from DEM simulation. (b) High speed video image [30]. 
For work-piece with the fibres oriented at 0˚, chips are generated combining 
delamination (mode I) and fibre buckling (mode II). In mode I rupture along the fibre-
matrix interface is generated, while in mode II fibre buckling is caused by the 
compressive forces created by the tool advancement. The chip separation occurs at an 
angle perpendicular to the fibre axis direction under the tool pressure. 
In Iliescu’s model, consistently with previous literature review, the chip produced when 
cutting at 0˚ is longer than that produced for other fibre orientation angles. 
In their study they have proven that a DEM simulation has the capability to accurately 
describe high compression, bending and delamination of the fibre bundles, while 
calculating the cutting forces with the final results very close to reality. 
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2.6.3 Cohesive Zone Model 
The need to harness the advantages of both the macro and the micro mechanical model 
leads to the develop of another model called the Cohesive Zone Model (CZM) where 
only the regions of the work material close to the chip formation zone are modelled as 
micro-mechanical [22], [25], [26]. The portion of the work-piece adjacent to the tool is 
modelled using fibre and matrix separately, whereas portions away from the tool have 
been modelled as EOHM (Figure 13) to simplify the model and reduce computational 
time. The interface between the matrix and fibres is modelled using zero thickness 
cohesive elements, allowing for debonding to occur once the interfacial fracture energy 
between the fibre and matrix is exceeded. 
The benefits of this method lie in its ability to model the process in close details, 
performing a parametric study. 
 
 
Figure 13: Schematic view of fibre, matrix and EOHM zones used in finite element 
modelling [25]. 
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Calzada [7] investigated the failure mechanisms that occur in the micro-scale when 
cutting CFRP in a range of different fibre orientations (0˚, 45˚, 90˚, 135˚) for 
composites with 5-8 m diameter fibres and 60% fibre volume fraction. 
The matrix was modelled as an elasto-plastic isotropic material while the fibres were 
modelled as an anisotropic elastic material. The carbon fibres were modelled to fail at 
the onset of stress-induced damage. To deteriorate the epoxy material properties a 
progressive damage model available in ABAQUS was used. 
In the material area far from the zone of interest the plasticity or failure modes did not 
take place since no failure occurs in the EOHM zone, which was modelled as elastic and 
anisotropic. 
In the Calzada simulation cutting forces, fibre failure modes and chip dimension were 
investigated. Figure 14 shows the fibres once failure occurs.  
 
 
 
 
Figure 14: simulation results for different fibre angles work-piece a) 0˚, b) 90 ˚, c) 135˚ 
[7]. 
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When simulating 0˚ fibre orientation work-piece the matrix/fibre phase separates due to 
interfacial failure that occurs as soon the tool enter the work-piece, leading to chip 
formation. The bending stress takes place ahead of the cutting tool until failure of the 
fibre in a direction perpendicular to the fibre axis. 
It was shown that when cutting 0˚ fibre orientation the failure mode is not affected by 
the DOC as expected, since the chip failure occurs away from the point of contact with 
the tool.  On the other hand, the chip length is around 120 m for both the DOC. 
When simulating 45˚ and 90˚ fibre orientation angles, the fibres crush as soon as the 
tool approaches the work-piece, failing in correspondence to the insert contact point as 
shown in Figure 14 (b). Bending stresses occur also below the cutting plane without 
leading to sub-surface fibre failure but resulting in sub-surface damage as delamination 
between fibres and the matrix.  
When simulating 135˚ fibre orientation work-piece (Figure 14(c)) the insert 
advancement peels the fibres from the work-piece due to failure that occurs in the fibre-
matrix interface below the cutting plane. After adequate fibre peeling and separation the 
bending stress arose below the cut surface leading to fibre failure in a zone below the 
cutting plane. Even in the configuration at 135˚ the DOC does not affect the chip failure 
mode, but it does however affect its size.  
The reason why the chip length becomes longer than the DOC value was attributed to 
the geometrical position of the fibres (135 degrees) and to the fact that the failure occurs 
below the cutting plane. 
 
The cutting forces revealed a large variation among the different simulation 
configurations with the highest force variability when simulating the fibres at 90 and 
135 degree. 
The thrust forces predicted are significantly lower than those in the cutting direction. A 
common problem when analysing the thrust forces is the difficulty of predicting them 
accurately when simulating machining operations with finite element methods. 
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2.7 Summary 
In this chapter the basic principles of orthogonal cutting of UD-CFRP materials were 
analysed. The influence of material properties, fibre orientation and process parameters 
on chip formation mechanisms was examined. In contrast to the cutting of traditional 
metals, the machining of CFRP is characterised by fracture and discontinuous chip 
formation. The surface quality and the cutting forces are primarily determined by the 
orientation of the fibres and then by the tool rake angle. Five different fibre chip types 
are formed during the machining process depending on the fibre orientation and tool 
geometry.  
To minimise expensive and time consuming experimental studies, numerical methods 
that can predict the various output and characteristics of the cutting process were 
developed. In the FE simulation two types of models can be distinguished, macro-
mechanical models, where the composite material is generally modelled as EOHM, and 
micro-mechanical models, where fibres and matrix are modelled separately. 
The authentication of the FEM when cutting CFRPs consists of understanding the 
nature of the issues related to those materials and finding an appropriate way to resolve 
them. Different failure criteria with the aim of describing the fracture of FRP were 
considered. 
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 EXPERIMENTAL CUTTING TRIALS CHAPTER 3
 
3.1 Work-piece 
The material under investigation was the MTM 44-1 out-of-autoclave (OoA) composite. 
This material is a high performance toughened epoxy matrix system particularly 
suitable for the production of both primary and secondary aircraft structures. MTM 44-1 
offers a high damage tolerance level and a low density, providing at least a 3% weight 
saving when compared to standard aerospace matrix materials (Appendix A). 
Table 1 Mechanical properties(Appendix A) 
 
To measure the cutting forces during the machining trials, various CFRP tubes were 
made at different orientations relative to the cutting edge (0˚, 22.5˚, 45˚, 67.5 ˚, 90˚, 
112.5°, 135˚ and 157.5˚; with a variation of ±5˚ among the fibres). In order to make the 
tubes, the MTM 44-1 material was manufactured using the Automated Dynamics (ADC) 
system of the AMRC composite centre as shown in Figure 15. 
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Figure 15: AMRC Composite Centres ADC fibre placement machine.  
Once the 67.5˚, 90˚ and 112.5˚ fibre orientation work-pieces were manufactured, it was 
not possible to extract them from the aluminium mandrel. This was due to the fact that 
the direction of the work-pieces thermal expansion matched the direction of the 
aluminium mandrel thermal expansion. Therefore, it was not possible to extract the 
tubes without them being damaged. During their extraction severe cracks propagated 
along their fibre orientation. Only the work-piece with a 90° fibre orientation was 
repaired due to restrained fractures. The repair was made by gluing the epoxy matrix 
along the fracture. 
Once the tubes were manufactured in the ADC system, they were cured at 180˚C for 2 
hours to develop the maximal mechanical properties (Table 1); with a fibre volume 
fraction of approximately 58% having a tolerance of ±3%. The process parameters used 
are shown in the Table 2 (Appendix A). The tubes were then cut into a number of test 
pieces having a length of 100 mm. The dimensions of the test pieces were selected as 
shown in Figure 16 to guarantee adequate stiffness during the cutting trials in order to 
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avoid any influence in the machining cutting responses. It was noticed that after the 
curing process the thickness of the test pieces varied from 3.45 to 3.65 mm (6% 
variation). 
 
Figure 16: Work-piece dimensions. 
Table 2 Autoclave process parameters MTM 44-1(Appendix A) 
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3.1.1 Experimentation Set Up 
All the machining trials were carried out on a MAG Cincinnati Hawk 300 CNC lathe 
machine (Figure 17). A Kistler data acquisition system was installed on the machine to 
record the cutting forces in each test. This equipment consisted of: 
 KISTLER 9121 - Quarz three-component dynamometer  
 KISTLER 5017 - Multichannel charger amplifier 
 DynoWare software installed in a laptop 
 
Figure 17: Cutting force measurement set up. Showing the Kistler charger amplifier, 
the dynamometer and the acquisition software. 
The acquired data were filtered in Dynoware (window size=300) where a sample rate of 
5000 Hz was set previous acquisitions. A measuring range of 1000 N was set for all 
channels. 
An extraction system was also installed on the lathe machine tool to remove the small 
particles produced during the cutting trials, which reach dimensions smaller than one 
micron [44]. Figure 18 shows the arrangement of the extraction system, dynamometer 
and tool. 
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Figure 18: Machine tool set up. Showing the extraction system system, Kistler 
dynamometer, PCD Sandvik Coromant insert and UD-CFRP Test piece 
 
Polished Sandvik Coromant TCMW 16T304FLP CD10 polycrystalline diamond (PCD) 
inserts were used for the cutting trials; Appendix B. These inserts have a clearance angle 
of 7º, a rake angle of 0º with a very sharp edge where no corner radius was applied. 
PCD inserts guarantee optimal hardness and thermal conductivity of the cutting tool as 
well as an excellent surface finishing and sharpness of the cutting edge reducing the 
friction between the chip and the tool [15], [45]. These factors play a significant role 
during the cutting process, making PCD inserts more suitable than carbide, which had 
shown insufficient wear resistance. On the other side their use is in some cases limited 
by their high tool costs and low geometrical flexibility [46].   
During the experimental trials a fresh cutting edge was used for each test. Initially the 
surface speeds used during the tests were 40 m/min & 80 m/min, and the feed rates used 
were: 0.05, 0.1, 0.15 and 0.2 mm/rev. Each set of cutting trials were repeated one time 
to provide reliability in the trials, and before each test was performed an initial cut was 
done to clean the cutting surface of the work-piece. 
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To avoid any potential slipping between the work-piece and the sample holder during 
the cutting trials, jaws of suitable dimensions were used. Moreover, an internal support 
was used to compensate the jaws pressure when clamping the CFRP ring as shown in 
Figure 19. 
 
Figure 19: Test piece set up – jaws, work-piece and support cylinder. 
After the test, swarf was collected for inspection using a microscope. The microscope 
system used was a Sanyo VCC2972 with a high resolution camera mounted on a Marcel 
Aubert CH2501 MA1200 lighting rig. 
3.2 Experimental Results and Discussion 
Figure 20 shows an example of typical results of cutting tests at 0 degree fibre 
orientation and 80m/min surface speed. The results indicated that feed forces were 
higher than cutting forces at low feed rates (Figure 20(a)); but when the tests were 
performed at higher feed rates the force results showed an opposite tendency, becoming 
the cutting forces higher than the feed forces (Figure 20(b)). This is attributed to the fact 
that, for the given initial test conditions (tool geometry, cutting parameters), the 
principal cutting force is determined by the chip section area, and therefore, by the feed 
rate, while the feed force is manly determined by the edge preparation and by the 
relative bouncing back phenomena [19]. These factors assume a relevant importance for 
low chip thickness values. Furthermore, in Figure 20 can be noted that the feed forces 
did not reach a steady state; this behaviour was observed in other tests at longer cutting 
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times. This effect is related to the formation of a bigger corner radius which results 
increasing the pressing region and the forces on the feed direction. 
 
(a) (b) 
Figure 20: Cutting force acquisition 
(a) Cutting feed =0.05 mm/rev; (b) Cutting feed =0.2 mm/rev. 
It should be highlighted that the surface quality and the chip formation showed some 
differences during the early stage of the cut and after a short period of time of the 
process. At the early stage of the cutting tests, it was observed that long chips and good 
surface quality was produced in the work-piece; this can be attributed to the fact that the 
insert cutting edge was sharp which allowed complete removal of all fibres. After 
cutting for a relatively short interval of time, the insert was not able to remove all fibres 
which produced chips of different sizes and poor surface quality in the work-piece. The 
tests also revealed that the fibres were easier to remove with higher feed rates (0.2 
mm/rev), providing better surface quality. 
For all the tested fibre orientation a correlation between the thrust force increment and 
the phase of the resultant force () was created (Appendix C). 
In Figure 21 the direction of the resultant force is plotted for different fibre orientations.  
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Figure 21: Resultant force angle () for different fibre orientation work-piece  
 
Another main factor that affected the surface quality was the fibre orientation (Figure 
22). The best surface quality was obtained when cutting fibres oriented at 157.5˚. This 
configuration produced the lowest cutting forces and no fibre pull-out was generated. 
Good surface quality was also obtained when cutting work-piece having fibre 
orientation at 0˚, although long uncut fibres remained on the machined surface. In this 
configuration the fibre-pull out was considered negligible for the integrity of the 
structure since the damage did not propagate in the bulk direction and could be easily 
removed.  
When cutting 22.5˚ and 45˚ fibre orientation fibre pull-out was observed in the work-
piece internal and the external diameter. In this configuration the fibres were free to 
bend aside while the matrix was completely removed. The length of the remaining fibre 
was short. However, this could have significant effects on the work-piece integrity since 
debonding could propagate from the uncut fibre into the work-piece. Poor surface 
quality was obtained for the 90˚ fibre orientation. In this arrangement the insert was not 
able to cut most of the fibre at the internal and external diameter of the work-piece, 
from which visible cracks are propagated with the bulk structure. 
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(a) 
 
(b) 
 
(c) 
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(d) 
 
(e) 
 
Figure 22: 0˚, 22.5˚, 45˚, 90˚ and 157.5˚fibre orientation cut work-pieces. 
 
The tests performed at 135˚ fibre orientation failed during the machining trials as shown 
in Figure 23. Therefore, it was not possible to register any data during these tests. The 
failure of the samples could have been induced to the total cutting forces that were 
acting in the same direction of the fibre orientation leading a premature crack along the 
fibre matrix interface and a resultant delamination. It should be pointed that all tests 
collapsed even at very low feed rate of 0.008 mm/rev. Zang [10] and Zitoune et al [23] 
reported similar experimental results. 
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Figure 23: 135˚ fibre orientation work-piece. 
Further tests were run to check the evolution of the cutting forces. Figure 24 shows how 
the acquired forces evolved when cutting 0˚, 22.5˚, 45˚ and 90˚ fibre orientation at low 
feed rates. Several cutting trials were run at the lathe using the same insert to capture the 
effects of the tool wear on the cutting forces. From these tests it is notable that the 
abrasiveness of the CFRP material affects the tool condition, resulting in a continuous 
variation of the feed forces, while minor effects are played on the principal cutting 
force. This can be attributed to the formation of a bigger corner radius which increases 
the pressing region and the forces on the feed direction. It is notable that the orientation 
of the fibres affects both the cutting forces magnitude and its evolution.  
 
(a) 
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(b) 
 
(c) 
 
(d) 
Figure 24: Cutting trials. Vc = 80 m/min, f=0.05 mm/rev;  
a) 0˚, b) 22.5˚, c) 45˚, d) 90˚ fibre orientation 
A gradual loss of the tool capability to cut the fibres neatly was witnessed by Park et al 
[47]. They observed that in CFRP/Ti stack drilling different wear mechanisms took 
place. While the cutting edge was gradually affected by the abrasiveness of the fibre the 
Ti was responsible for the generation of flank wear. 
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In their study Wang et al [48] developed a hypothesis to explain the edge rounding wear 
in CFRP machining. They investigated the tool wear of uncoated, diamond coated and 
AlTiN coated carbide drills when drilling CFRP. The difference of CFRP wear 
mechanisms were attributed to the absence of the stagnant zone in the proximity of the 
edge preparation when cutting brittle materials. During the cutting of traditional metals, 
through continuous chip formation processes, the stagnant zone protects the cutting 
edge from the material flow, due to the low relative movement between the material to 
be removed and the edge preparation. This creates the formation of crater and flank 
wear as dominant wear types. On the other hand, when cutting brittle materials, as 
CFRP, the failure is attributed to fracture, which gradually affects the cutting edge until 
it is no longer able to cut the fibres neatly, leading to a rise of the cutting forces [48], 
[49]. 
An insert was examined by an electronic microscope before and after a machining trial 
to verify that the surfaces of the PCD insert were significantly altered. In Figure 25 the 
insert is shown before and after a cut of 30 seconds. The rake and the relief faces are 
visible in Figure 26. It was observed that the cutting edge was affected during the 
machining operation, but the magnitude of such alteration cannot clearly be defined 
with the used electronic microscope. A further analysis, using higher resolution 
equipment, is therefore recommended to support these observations. 
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Figure 25: Cutting edge alteration after 30 seconds of cut.  
Vc = 80m/min, f=0.05 mm/rev. 
 
 
Figure 26: Rake and Relief surfaces alteration after 30 seconds of cut. 
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These results gave additional indication that when cutting CFRP materials the tool life 
should be determined taking into consideration the quality of the cut surface, which has 
shown to be very sensitive to any variations in the tool edge, and not by the magnitude 
of wear on the insert edge as per metals. No common methodologies have been 
developed yet to determinate the quality of the CFRP material cut surface as per metal 
[3], [5]. 
It should be pointed out that this behaviour has to be attributed to the alteration of the 
corner radius and not to temperature effects. Therefore, it has been considered as 
representative cutting force value the one within an interval of 1-3 seconds cut from the 
beginning of the test, where the cutting edge has not been altered yet. The cutting forces 
results are reported in Appendix C.  
Figure 27 shows the cutting force results at four different feed rates and two different 
cutting speeds for 0˚ fibre orientation.  
 
Figure 27: Cutting force for 0˚ fibres orientation. 40 Vs. 80 m/min (Appendix C). 
In the main effect plot (Figure 28) the effect of each factor on principal cutting force, 
feed force and resultant force is shown. 
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(a) 
 
(b) 
 
(c) 
Figure 28:  Main effect plot on:  
a) Principal cutting force, b) Feed force, c) Resultant force (Appendix C). 
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The main effect plot highlights that the cutting forces are directly proportional to the 
feed rate, as also found by Mata [20], while a minor effect is played by the cutting 
speed, which will be kept constant (80 m/min) in future tests. Globally all the tests 
presented a good repeatability. From Figure 27 it can be noticed that for low feed rates 
(f=0.05 mm/rev) the cutting forces are lower than the feed forces while this behaviour is 
inverted from 0.1 mm/rev of feed. 
Figure 29 to Figure 30 show the effects of the fibres orientation on the cutting forces 
and feed forces against different feed rates. In these graphs, the cutting times after 1-3 
seconds and after 30 seconds were considered to capture the effects of the tool wear on 
the cutting forces. From the graphs it is easy to observe that both the feed rates and the 
fibre orientations affect the cutting forces. 
When cutting 157.5° fibres orientation work-pieces the material presented brittle 
characteristics, generating a neat cut from which a small particles chip is obtained. This 
is due to the fact that the resultant force acts along the direction of the fibres where no 
plasticity is involved and rupture occurs once the yield stress is reached. In this 
configuration the work-piece has shown higher machinability since less energy is 
required to generate the chip, while the cut surface is the one having the best quality 
among all fibre orientations.  
A similar scenario in terms of fibres-resultant force direction was obtained when cutting 
work-pieces oriented at 135° but, in this configuration, a fast destruction of the 
specimen, due to debonding which leaded to severe cracks, was obtained. Through 
experimental tests performed at a cutting speed of 80 m/min it is possible to exclude the 
Zitoune et al thesis that attributes the cracks generation to the low relative travel rate 
between the tool and the work-piece [32]. Further tests were performed reducing the 
feed rate, up to 0.008 mm/rev, to reduce the resultant force phase ( angle) but the 
same results were achieved. It is reasonable to believe that when cutting specimens 
oriented at 157.5° the whole bulk has the capability to withstand the force required to 
generate the chip. When fibre orientation is reduced to 135°, the fibres are lifted by the 
rake angle which, with the tool advancement and the increasing of the shear force, 
generates fibre/matrix separation. Due to the dynamicity of turning and to the structural 
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properties of the designed specimens the cracks in this configuration are more severe 
than the ones obtained when performing traditional quasi-static orthogonal cutting tests, 
although basic principles are similar. In their study Wang and Zhang demonstrated that 
no significant improvements were obtained when changing the rake angle to machine 
F593 specimens at 120° fibre orientation [18]. 
A force increment of up to 10 times was obtained when cutting test pieces with fibres 
oriented at 22.5°. In this configuration the highest increment of feed forces after 30 
seconds of cut was achieved. This could be correlated to the big value of the resultant 
force angle () during the cut. Long continuous chip was obtained for low feed rates 
while small particles were generated for higher feeds. A neat cut was initially obtained 
with the new tool and a good surface quality was achieved. A rapid flank wear occurred 
increasing the feed forces significantly. In this new scenario the fibres pull out occurred 
in correspondence to the internal and the external diameters of the work-piece. 
Highest principal cutting forces were obtained when cutting 90° fibre orientation work-
pieces where the advancement of the tool generate compressive stresses in the matrix 
direction. In this configuration, while the matrix was disintegrated, fibres underwent a 
bending deformation along the cutting speed direction. A non-continuous chip was 
obtained. From these tests seems that higher feed values produced less uncut fibres on 
the machined surface. This could be due to the consistency of the chip which helped to 
remove fibres and matrix together. Zitoune et al. stated that large chip thickness leads to 
fibres breakage [32]. 
When cutting 0° fibre orientation work-pieces a similar behaviour to the one found 
when cutting 157.5° work-pieces was obtained, although the cutting forces were 
significantly higher. Good surface quality was obtained although fibre pull out was left 
onto the cut surface. 
Tests performed on specimens oriented at 45° presented a slight different scenario. As 
per the other fibre orientation work-pieces, the forces were directly proportional to the 
feed rate, but this behaviour was inverted after 30 seconds of cut, once flank wear 
occurred. The thrust forces, and consequently the resultant forces, grew significantly as 
the tool wear increased, which contributed to alter the () angle during the cut. It was 
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then possible to correlate the flank wear with the alteration of the () angle and, 
consequently, with the increase of the cutting forces. 
 
 
Figure 29: Cutting forces for different feed rates and fibre orientations after 1-3 
seconds and 30 seconds of cutting time. 
 
 
Figure 30: Thrust forces for different feed rates and fibre orientations after 1-3 seconds 
and 30 seconds of cutting time. 
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Figure 31: Resultant forces for different feed rates and fibre orientations after 1-3 
seconds and 30 seconds of cutting time. 
The trend of the acquired force components has been found to be in line with the results 
obtained by Arola et al. [21] where the influence of fibre orientation and tool geometry 
during orthogonal trimming of UD-CFRP was investigated (Figure 32). 
 
    
Figure 32: Comparison of Predicted and Experimental Force Responses from Arola 
[21]. 
To better relate turning with milling, where during the rotation of the tool the insert 
meets the fibres always at different angles, it is useful to consider the graphs from 
Figure 33 to Figure 34 where the change of the cutting forces is captured at different 
fibre orientations for a defined feed rate. Even during milling the fibre cutting angle at 
90˚ represents a critical configuration where high cutting forces are generated and where 
fibres pull out is expected. 
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Figure 33: Cutting forces for different fibre orientations and defined feed rates after 1-3 
seconds and 30 seconds of cutting time. 
 
Figure 34: Feed forces for different fibre orientations and defined feed rates after 1-3 
seconds and 30 seconds of cutting time. 
 
Figure 35: Resultant forces for different fibre orientations and defined feed rates after 
1-3 seconds and 30 seconds of cutting time. 
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To obtain information related to the chip mechanisms formation the chips produced 
during the cutting trials were collected and inspected at the electronic microscope. As 
previously mentioned in chapter 2, composites machining produces heterogeneous 
chips in form of swarf with different shapes and dimensions. The small particles were 
subtracted during the tests by the extractor while the heaviest ones fallen down into the 
machine tool. The results showed that the cutting parameters and the fibre orientation 
highly affect the chip morphology.  
When machining at a cutting speed of 80 m/min the chip size resulted to be inversely 
proportional to the feed rate (Figure 36 and Figure 37) while the opposite behaviour 
was observed for cutting speed of 40 m/min, where the size of the chip grew for higher 
feed rates (Figure 38). 
Being the cutting trials relative short in time and length, no burning was observed 
neither on the cut surface nor to the formed chip. 
 
θ = 45˚, 
Vc = 80 m/min 
   
(a) (b) (c) 
Figure 36: Generated chip – effects of feed for 45˚ fibre orientation and 80 m/min  
a) f = 0.05 mm/rev; b) f = 0.1 mm/rev; c) f = 0.2 mm/rev 
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θ = 0˚ 
Vc = 80 m/min 
  
(a) (b) 
  
(c) (d) 
Figure 37: Generated chip - effects of feed for 0˚ fibre orientation and 80 m/min 
a) f = 0.05 mm/rev; b) f = 0.1 mm/rev; c) f = 0.15 mm/rev; d) f = 0.2 mm/rev 
θ = 0˚ 
Vc = 40 m/min 
   
(a) (b) (c) 
Figure 38: Generated chip - effects of feed for 0˚ fibre orientation and 40 m/min 
a) f = 0.05 mm/rev; b) f = 0.1 mm/rev; c) f = 0.2 mm/rev 
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3.3 Chapter Summary 
This study focused on unidirectional composites work-pieces materials which lend 
themselves nicely to research, being the effects of process parameters easy to relate to 
different fibre orientations. 
Orthogonal cutting was performed to simplify the analysis of the chip formation to a 
two dimensional problem. 
The experimental test results showed that the feed rate had a major influence on the 
machining forces, while minor effects are played by the cutting speed. It was also 
observed that for low feed rates (f=0.05 mm/rev) the cutting forces are lower than the 
feed forces while this behaviour is inverted from 0.1 mm/rev feed. Experiment 
highlighted that the feed forces did not reach the steady state during the machining 
trials; this behaviour was attributed to the abrasiveness of the fibres which quickly 
altered the edge corner radius. This resulted in an increase of the pressing zone, which 
led to fibre bounce back of the pressed material and to a gradual increment of the thrust 
forces. Further tests (Figure 25) proved that when cutting CFRP materials the feed force 
does not stabilise due to a rapid progressive alteration of the cutting edge. In some cases 
the feed force values achieved after 30 seconds cut were twice as big as the forces 
recorded after 1-3 seconds, while minor changes of the principal cutting force values 
were observed. 
Another  key  factor,  which  had  a  significant  effect  on  cutting  forces, was  the 
orientation of the fibres. A sudden rise of the cutting forces was observed when cutting 
material at 0, 90 and 157.5 degrees fibre orientation, while a gradual increase was 
captured when cutting material with a 22.5 and 45 degrees fibre orientation. 
Low cutting forces were captured when cutting work-pieces oriented at 157.5˚, while 
high principal cutting forces were recorded for 90 degrees fibre work-pieces after 1-3 
seconds of cut, and for 22.5˚ after 30 second of cut. 
For work-pieces having a fibre angle lower than 90 degrees (0 ≤ θ < 90) the initial feed 
force values were found to be higher than the cutting forces for low feed rates (f = 0.05 
 EXPERIMENTAL CUTTING TRIALS CHAPTER 3
- Chapter Summary - 
 
 
The University of Sheffield   Page 77 of 137 
Commercial in Confidence 
mm/rev). This trend was inverted for higher feed rate values were the cutting force 
became the principal component. 
The best surface quality was observed when cutting 157.5 degrees fibre orientation, 
where no fibre pull out was generated. Similar behaviour was shown when cutting 0 
degrees fibre orientation work-pieces, with the exception that long fibres pull out was 
visible on the machined surface. In this configuration the fibre pull-out is considered 
harmless for the integrity of the structure since the damage did not propagate in the bulk 
direction. Severe induce surface damage and fibre pull out took place when cutting 90 
degrees fibre orientation work-pieces. 
For all the tested fibre orientation a correlation between the increment of the thrust force 
and the phase of the resultant () force was created. 
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 FEM CUTTING MODEL CHAPTER 4
 
4.1 LS-Dyna Composite Models 
A realistic characterisation of the work-piece material is of primary importance in FEM 
simulations since these properties define the cutting forces and relative energy spent in 
cutting. 
To describe the behaviour of the work material the stress at fracture needs to be 
considered to predict onset of damage. In some cases even the strain limits are required. 
A degradation scheme is then needed to reduce the material properties once failure 
initiates. The mechanical properties of MTM44-1 are reported in Appendix A. 
In LS-Dyna the material models are referenced by a 3-digit number to identify the 
material designation and implemented element formulation [50]. Each material model 
has different associated attributes: 
 
SRATE  - Strain rate effects 
FAIL  - Failure Criteria 
EOS  - Equation of state required for 3D solid and 2D continuum elements 
THERM - Thermal effects 
ANISO  - Anisotropic orthotropic 
DAM  - Damage effects 
TENS  - Tension handled differently than compression in some manner 
 
Several LS-DYNA material models deal specifically with composite materials. Each 
material model utilises a different modelling strategy: failure criterion, degradation 
scheme, material properties.  
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The most suitable LS-DYNA material models which deal specifically with composites 
are listed in Table 3: 
Table 3 LS-Dyna composite material models 
MAT 022 Composite damage. Do not include Hashin criteria 
MAT 054 
& 
 MAT 055 
Enhanced composite damage. Valid for thin shell element only. 
Chang-Chang and Hashin criterion can be applied 
MAT058 
Laminate composite fabric. It may be used to model composite 
materials with UD layers, complete laminates and woven fabrics. 
Implemented for shell and thick shell elements 
MAT059 
Shell composite failure. Implemented for shell and solid elements. 
Do not include Hashin criteria 
MAT 158 Like MAT58 but includes strain rate effects 
MAT 161 
& 
MAT 162 
Composite_MSC. Used to model progressive failure analysis for 
composite materials (UD and woven). An extra license is required 
for these MAT models. Hashin criterion are applied 
MAT54 can be used to describe anisotropic, linear elastic behaviour of the undamaged 
material under plane strain stress. The different damage criteria are stress or strain 
related and introduces the nonlinearity into the material model. 
The modelling consists of three distinct work-steps: pre-processing, solving, post 
processing. In the pre-processing the parts are modelled and meshed; the material is 
defined and associated to the single part while the boundary conditions are applied to 
the element and part sets. The tool geometry, the cutting parameters and the cutting 
condition used in the simulation are consistent with the ones used in the experimental 
tests. The work-piece and the tool are respectively modelled as EOHM and as a rigid 
body while the tool wear is neglected to reduce the complexity and runtime.  
The orthogonal cutting was developed with the plane stress assumption and a 
displacement curve was used to be associated with the movement of the tool.  
The units used in the LS-Dyna simulation are reported in Table 4. 
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Table 4 Consistent units 
MASS LENGTH TIME FORCE STRESS ENERGY 
g mm ms N MPa N-mm 
 
A 2D model was developed for the cutting force analysis where the tool geometry was 
modelled as a rigid body to reduce the computational time, having a height and a width 
of 0.4 mm and meshed with 256 nodes. The tool rake angle and the clearance angle of 
the tool were 0 and 7 degrees respectively with no nose radius. The work-piece was 
created using 4N-Shell Mesh, having 1 mm of length, 0.5 mm height and consisting of 
800 single elements with the dimension of 25 square microns each. To avoid penetration 
or contact problems the tool and the work-piece were initially spaced by 20 microns 
(Figure 39). The models were considered as dried cut because coolant was not used in 
the experimental tests. 
 
Figure 39: Work-piece and tool geometry in LS-Dyna. 
 
MAT020_RIGID is used to characterise the insert material which was constrained and 
free to move along the X direction only. 
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MAT054-055_ENHANCED_COMPOSITE_DAMAGE is chosen among the materials in 
Table 3 to characterise the linear elastic behaviour of the orthotropic CFRP samples. 
The stress-strain relations are described below by the Hooke’s law: 
[σ] = [D] * [ε] (23) 
where σ and ε are respectively the stress and the strain while D represents material 
stiffness parameters. In matrix form the derivation of the Hooke’s law for orthotropic 
material can be written as: 
 
(24) 
Under plane stress conditions σ31= σ13= σ32= σ23= 0. In this case the Hooke’s law takes 
form as: 
 
(25) 
Specifying the terms of the elastic matrix stiffness: 
 
(26) 
Where Ei is the Young’s modulus along axis i, Gij is the shear modulus in direction j on 
the plane normal to direction i, and vij is the Poisson’s ration that corresponds to a 
contraction in direction j when an extension is applied in direction i. 
 FEM CUTTING MODEL CHAPTER 4
- MAT054-055 Input Parameters - 
 
 
The University of Sheffield   Page 82 of 137 
Commercial in Confidence 
The parameters defined in the LS-Dyna material models are discussed in detailed in the 
next chapter. 
The element type is defined as Shell element with Belytschko-Leviathan formulation 
which presented the best results in literature [51]. A constant shell element thickness of 
3.7 mm was set to compare the DOC in the experiments. 
Part list and node list were created to be associated with the boundary and other 
parameters. 
In the current model the bottom edge (uy=uz=urx=ury=urz=0) and the left side 
(ux=uz=urx=ury=urz=0) of the work-piece were constrained while the tool moves 
towards the work-piece at constant velocity. The movement of the tool was defined 
through “prescribed_motion_rigid” where a curve function previously created was 
associated. 
A 2D_AUTOMATIC-SURFACE-TO-SURFACE contact was set between the work-piece 
and the tool, having a constant friction coefficient of 0.3; according to Calzada [7] and 
based on the pin-on-disk tests performed by Mkaddem at 0° fibre orientation [29]. To 
obtain the resultant forces between the insert and the work-piece it is necessary to set up 
the respectively part lists as master and slave. 
The output force values were extracted from “RCFORC” file, which contains the 
resultant contact forces for the slave and the master of the contact interface. 
4.2 MAT054-055 Input Parameters  
Some input data consist of parameters based on coupon tests while others are a mix of 
mathematical expedients and correction factors that cannot be measured experimentally 
since they may not have a physical meaning. These factors need to be defined by trials 
and errors. 
The data that defines the material properties in MAT054-055 are the material density, 
the Young’s modulus (EA, EB, EC), the Poisson ratio (vab, vbc, vca), the shear modulus 
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(Gab, Gbc, Gca) and the strength in the fibre and matrix direction, which is different for 
tension and compression (Figure 40) [43], [52]. 
 
 
Figure 40: MAT54-55 Material properties. 
The used Chang/Chang model is a stress related criteria, however sometimes it is 
desirable to limit the strain as well. MAT 054-055 offer the opportunity to limit the 
strain in the different directions using the parameters:  
DFAILT – Maximum strain for fibre tension  
DFAILC – Maximum strain for fibre compression 
DFAILM – Maximum strain for matrix 
DFAILS – maximum shear strain 
EFS – effective strain 
The tensile and compressive strength can be effected using the parameters FBRT and 
YCFAC which reduce it as a result of some compressive failure of the matrix. The 
elements can also fail if their time step decreases below a certain value given in TFAIL. 
In some cases it is related to the EFS which has no favourite direction. SOFT allows the 
modeller to reduce the Young’s modulus and the strengths of the neighbouring elements 
to the failure. 
The adopted shell element formulation is the Belytschko-Leviathan which was observed 
by Charoenphan to display the expected coupling between membrane and 
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bending/twisting deformations that occur in unbalanced and/or asymmetric composite 
materials [51]. 
The input parameters to be set up in MAT54-55 are summarised in Figure 41 and in 
Table 5, where the material properties, the strength and the strain limits, the element 
properties orientation, the softening and the reduction factors are set. 
 
Figure 41: MAT054-055 input parameters. 
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Table 5 MAT54 input parameter definitions 
Variable Definition 
MID Mat identification number 
RO Mass 
EA young modulus- longitudinal direction 
EB young modulus- transverse direction 
PRBA Poisson's ratio vba 
PRCA Poisson's ratio vca 
PRCB Poisson's ratio vcb 
GAB Shear modulus Gab 
GBC Shear modulus Gbc 
GCA Shear modulus Gca 
AOPT Material axes optional parameter 
A1 A2 A3 Vector component for material axes for AOPT=2 
MANGLE Material angle in degrees used when AOPT=3 
V1 V2 V3 Vector component for material axes for AOPT=3 
DFAILT Strain limit for fibre tension 
DFAILC Strain limit for fibre compression 
D1 D2 D3 Vector component for material axes for AOPT=2 
DFAILM Strain limit for matrix in tension and compression 
DFAILS Max shear strain 
EFS Effective failure strain 
TFAIL Time step size criteria for element deletion 
ALPH Shear stress non-linear term 
SOFT Crush front strength reducing parameter 
FBRT Softening tensile fibre factor after matrix failure 
YCFAC Softening compressive fibre factor after matrix failure 
BETA Weighing factor for shear term in tensile fibre mode 
XC Longitudinal compressive strength  
XT Longitudinal tensile strength  
YC Transverse compressive strength  
YT transverse tensile strength  
SC Shear strength 
CRIT Failure criterion used (MAT54, MAT55) 
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4.3 Dynamic Tensile Tests  
Dynamic tensile tests were performed over three CFRP specimens to obtain the material 
behaviour data. The tests, respectively at 0, 45 and 90 degrees fibre orientation, were 
designed and performed at the Swinburne University in Melbourne while the composite 
samples were previously manufactured at the AMRC in Sheffield. The samples 
geometry and dimensions are visible in the Appendix D. 
The tests highlighted that the specimen’s geometry was not suited for CFRP materials 
analysis. Nevertheless it was still possible to perform the test with some changes in the 
specimens set up. 
The three fibre orientations specimens were tested at a speed of 2 m/sec.  
Good results were obtained when testing the 45 and 90 degrees samples while the 
strength limit was not reached for the 0 degree orientation where the sample was 
slipping from the clamping jaws when a force value of 16/20 kN was reached (Figure 
42). This was attributed to the fact that the pressure applied by the clamping jaws on the 
specimen exceeded the strength of the material in that direction, deforming the clamped 
area, which could no longer provide the required support. This could be solved by a 
different design of the specimens. 
The results provided valuable information to characterise the material in the 90 and 45 
degrees orientations, while the longitudinal strength was not captured. 
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Figure 42: Dynamic tensile tests. 
The tested specimens are shown in Figure 43 (Appendix E).  
 
 
Figure 43: Tested unidirectional sample (Appendix E). 
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It is visible that in the initial tests (samples 1, 2, 3) the failure did not occur at the gauge 
length as expected when testing metals. The damage in these specimens occurred at the 
beginning of the radii which represents the weakest point where the onset of damage is 
generated. Once the damage occurs it always propagates along the fibre direction since 
the matrix and the shear strength represents the most critical strength when testing 
CFRPs material. When testing 0 degrees fibre orientation samples, the crack propagate 
along the fibre direction reaching the top of the sample where the fibre slipped from the 
jaws. 
The results obtained from the initial tests cannot be accepted since the strength of the 
material is highly affected by the specimen geometry and the manufacturing process 
[11]. 
Suitable samples require a simple constant shape without any round features where the 
onset of damage could easily be generated and propagate. 
To solve this problem it was decided to test the sample at the other end where a constant 
shape without curved geometry was available. 
4.4 One Element Test  
For a better understanding of the input parameters one element test simulations were 
performed (Figure 44). 
EA = 1.289 GPa 
EB = 1.289 GPa 
v = 0.25 
Xt = 2159 MPa 
Xc = 1330 MPa 
Yt = 49 MPa 
Yc = 199 MPa 
Sc = 154 MPa 
Element length = 100 mm 
  
Figure 44: One element test 
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Node 1 is fully constrained in all directions while nodes 2 and 3 were left free to move 
respectively along the X and the Y directions. A displacement curve of 1.333 mm/ms 
(80 m/min) was applied to the node 2 and 4 along +X. In this configuration [1, 0, 0] 
being a traction applied along the fibre direction, the input parameters that control the 
stress-displacement curve are the longitudinal tensile strength (Xt=2159 MPa) and the 
strain limit of the fibre (DFAILT=0.02). 
In Figure 45 it is easy to notice that the stress of the element in the fibre direction 
increases until the longitudinal tensile strength value is reached. Then the stress remains 
constant until a strain of 2% is reached. The deletion of the element is managed by the 
strain limit which can be adjusted in the simulation to set linear elastic or elasto-plastic 
behaviour in the material. The same behaviour is observed along the matrix orientation. 
 
Figure 45: Stress-displacement curve. 
The effect of the stress along the matrix direction can be considered through the 
parameters FBRT and YCFAC. Using FBRT the fibre tensile strength after matrix 
compressive failure can be reduced to Xt
*
=Xt * FBRT. In the same way the fibre 
compressive strength after matrix compressive failure can be considered with the 
parameter: Xc
*
=Yc * YCFAC.  
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4.5 FEM Results and Discussion 
The outputs from the solver were imported in the postprocessor and analysed. The 
resultant forces were stored separately and needed to be imported in LS-Dyna through 
the “ASCII” option loading “RCFORC”. Simulations with different fibre orientations 
were run to analyse the stresses, the strain and the cutting force values in X and Y 
direction. The forces along Z were checked and found to be zero validating the plane 
stress assumption. 
The elastic material properties and the strengths of the material in the LS-Dyna material 
model were based on the dynamic tensile bar tests and according to the material 
properties in Appendix A.  
In total, three fibre angle work-pieces were simulated at the following degrees: 0°, 45° 
and 90°. 
In Figure 46 an example of the predicted cutting forces is shown, when cutting 0 
degrees fibre orientation work-piece. In the RCforc Data plot the principal cutting force 
and the feed force are respectively represented by the red (A) and the green (B) curves.  
  
(a) (b) 
Figure 46: Cutting force simulation results for 0° fibre orientation work-piece 
a) unfiltered b) filtered (SAE600). 
The results achieved in the simulation were consistent with the results achieved by 
Krushnamoorthy et al [31] when an automatic contact surface is used and where the 
stresses in the elements grow till the failure criteria is met. Once the criterion is met the 
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elements are then deleted and the stresses drop to zero. A function SAE is chosen to 
filter the time-histories according to standard specifications SAE J211[32]. The SAE 
function implements a digital four-pole low pass filter. The algorithm uses a double-
pass filtering option where the data is filtered twice, forward and then backward using 
the following equations where X (t) is the input data sequence and Y (t) is the filtered 
output sequence. 
 ( )      ( )      (   )      (   )      (   )     (   ) (27) 
The filter coefficients vary with the Channel Frequency Class (CFC) value and are 
calculated using the following formulas: 
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(34) 
The CFC was set equal to 600, as used by Krishnamoorthy et al [43]. In order to avoid 
the typical scatter at the beginning and at the end of the filtered time histories, a head 
and a tail are added to the original data sets consisting respectively of a simple 
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repetition of the first and last data value. Once the modified data sets are filtered the 
head and tail are deleted from the filtered curve. 
In the current model a prediction of the principal cutting forces was achieved with an 
average accuracy of 18% while the thrust forces were highly underestimated (Table 6 
from Appendix F). This is mainly attributed to the bounce back phenomenon that is not 
described by the simulation [3], [12], [18], [19]. 
Table 6 Cutting forces: Tests vs. FEM simulation 
Cutting 
Speed 
[m/min] 
Feed 
Rate 
[mm/rev] 
Forces 
[N] 
Cutting Tests FEM SAE600 
0 45 0 45 
80 
0,05 
Cf 80 60 58 41 
Ff 90 60 9 0 
0,1 
Cf 130 90 106 66 
Ff 110 90 9 -3 
0,15 
Cf 160 110 138 100 
Ff 115 70 8 -8 
0,2 
Cf 200 140 203 121 
Ff 140 70 11,7 -13,9 
40 
0,05 
Cf 90 57 62 45 
Ff 102 72 7 2 
0,1 
Cf 130 - 114 69 
Ff 125 - 4 -5 
0,15 
Cf 160 - 112 129 
Ff 140 - 13 10 
0,2 
Cf 220 - 184 105 
Ff 150 - 13 -5 
Figure 47 shows the prediction of the cutting forces for 0 degree fibre orientation tubes. 
The graph traces the evolution of the cutting forces according to the different cutting 
parameters; the trend of the forces corroborates with those in literature [6], [10]. The 
simulation results are generally underestimating the experimental cutting forces while 
the tendency of the forces in relation to the input parameters is correct and accurately 
described. The influence of the feed rates is linear and directly proportional to the 
cutting forces while the effects of cutting speed are negligible. 
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Figure 47: Cutting tests vs. FEM simulation 
Cutting Forces when cutting 0 degrees fibre orientation work-piece 
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The main aim of this study was to investigate the machinability of a UD-CFRP material 
under dynamic orthogonal cutting conditions. Representative cutting speeds and feeds 
were used to perform orthogonal turning operations; which enabled the use of a 
simplified analysis approach. As a result, a better understanding of how the process 
parameters affect the cutting forces was found. A second objective was to investigate 
the suitability of the Finite Element (FE) code LS-Dyna for predicting the force 
responses. 
The complexities related to the CFRPs machining were highlighted during the 
experimental campaign were unidirectional tubes, oriented at 0°, 22.5°, 45°, 90°, 135° 
and 157.5°, were machined. 
The orientation of the fibre in the UD lamina had proven to be the factor that mostly 
affects the machinability of composites. For this reason a good understanding of the 
chip formation mechanisms that take place in the micro-scale when cutting different 
fibre orientations is required. The dependency of the acquired cutting forces on the fibre 
orientation was accurately described in chapter 3. 
Except when cutting work-piece having the fibres oriented at 157.5°, no significant 
effects are played by fibre orientation on the thrust forces. On the other hand the fibre 
orientation plays a significant role in determining the feed force values acquired after 30 
seconds of cut. 
Another  key  factor  which  had  a  significant  effect  on  the machining  forces was the 
feed rate, while minor effects were played by the cutting speed. A good repeatability 
was obtained during cutting trials. 
Although PCD tools were used to withstand the high abrasiveness of the fibre, the 
absence of the stagnant zone when turning brittle material, as CFRPs, led to a rapid and 
gradual degradation of the cutting edge and to a reduction of its cutting capability. For 
this reason no steady state was reached by the cutting forces. However, it was observed 
that this phenomenon manly affects the thrust force. This was attributed to the fact that, 
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when cutting brittle materials fracture is the dominant failure mode, leading to the 
formation of a micro-wear which alters the tool cutting edge. This produces an increase 
of the contact surface between the insert and the work-piece. As a result the feed force 
rose gradually, while fibre pull out took place once the cutting edge was no longer able 
to cut the fibres neatly. 
For all the tested fibre orientation a correlation between the thrust force increment and 
the phase of the resultant force () was created. It was observed that while feed rate 
has a direct impact mainly on the magnitude of the resultant force, fibre orientation 
affects both its magnitude and direction. 
A preliminary two dimensional macro-mechanic FEM analysis, using EOHM was 
developed in LS-Dyna to be compared with experimental results. 
The trend of the principal cutting forces agreed with experimental results within a 
satisfactory level of accuracy while the thrust forces were highly underestimated. This 
underestimation could be attributed to the fact that the developed FEM model does not 
capture the elastic recovery of the material that takes place on the cut surface once the 
chip is formed. As a result of this bouncing back, a brushing action is generated 
between the relief face of the tool and the work-piece surface. The bouncing back 
phenomenon is therefore a key factor that determines the feed force values. Therefore, 
for an accurate prediction of both cutting force components, it is necessary to develop a 
model which has the capability to describe the elastic recovery after machining. 
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The complexities related to CFRPs machining were highlighted in this investigation. A 
basic understanding of the machinability aspects related to the MTM 44-1 composite 
was developed. Due to the high number of factors involved in the cutting process and 
due to the complexities related to the topic, further studies are required to better relate 
machinability to fibre orientations, tooling and to cutting conditions. 
It would be beneficial to extend the experimental campaign to study the effects that the 
rake angle has on the principal cutting forces as well as the effects the relief angle has 
on the feed forces. Moreover, the effects these cutting conditions have on chip 
formation mechanisms should be investigated.  
Tool wear tests could be performed to identify tool life under give cutting conditions. 
This would provide information on how feed rate and cutting speed impact the tool life 
when cutting unidirectional work-piece at different fibre orientations. 
Additional work is required to better relate the effects of the method of manufacturing 
to the structural integrity of CFRP material. Although surface roughness is the most 
often used method to characterise machined surfaces it is not sufficient to describe the 
surface integrity. Therefore the use of non-destructive tests along with a scanning 
electron microscope (SEM) is recommended to better investigate such aspects. 
Further studies are required to correlate the increase in cutting forces with tool wear. 
Due to the high sharpness of PCD inserts, the use of high resolution optical 
measurement system, such as Alicona, is highly recommended. This would allow to 
capture the tool wear evolution and to relate it to the cutting forces increase. Such 
correlation could then be extended to the analysis of the cut surface in order to 
understand when fibre pull-out, cracking, delamination and burning occur. With the aid 
of a high speed camera this study could be extended to analyse the mechanisms of chip 
formation for different feed rates, cutting speeds, fibre orientations and tool wear. 
The use of a thermal camera is also recommended to correlate cutting temperature with 
process parameters. 
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A further step would consists in extending the analysis to more realistic cutting 
conditions i.e. orthogonal milling, oblique milling, trimming, drilling, etc. 
Being of more practical interest than unidirectional lamina, the machinability of 
multidirectional laminates should be investigated once the fundamental understanding 
of machining unidirectional composites is gained.  
The current FE model is a basic set-up to demonstrate the capability of LS-Dyna to 
model the machinability of CFRP materials. Different optimizations could be performed 
as the use of different material models in LS-Dyna. The main limitation of this model is 
the prediction of the thrust force which is highly underestimated. 
In the developed FEM model different coefficients of friction were not considered when 
modelling different fibre orientations. This should be implemented in future 
investigations. Tribological tests, such as pin on disc, should be performed using the 
examined CFRP material to support the modelling activity. A correlation between feed 
forces, coefficient of friction and tool wear should be investigated for different fibre 
orientation.    
The material bouncing back was not described by the model and needs to be integrated 
in future work for a better modelling prediction. The use of a combined micro-macro 
mechanical approach, as the Cohesive Zone Model, is recommended to accurately 
describe material failure in close details. Given the capability of this approach to 
simulate the interface deboding between fibre and matrix, a prediction of the surface 
quality and the relative subsurface damage could be included. According to literature 
Abaqus is the most used and recommended software for this activity. 
Other software as Third Wave Systems’ AdvantEdge software should be examined to 
investigate software capability to simulate material removal cutting processes of CFRP 
materials. 
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